We previously investigated novel therapies for pediatric ependymoma and found 5-fluorouracil (5-FU) i.v. bolus increased survival in a representative mouse model. However, without a quantitative framework to derive clinical dosing recommendations, we devised a translational pharmacokinetic-pharmacodynamic (PK-PD) modeling and simulation approach. Results from our preclinical PK-PD model suggested tumor concentrations exceeded the 1-hour target exposure (in vitro IC 90 ), leading to tumor growth delay and increased survival. Using an adult population PK model, we scaled our preclinical PK-PD model to children. To select a 5-FU dosage for our clinical trial in children with ependymoma, we simulated various 5-FU dosages for tumor exposures and tumor growth inhibition, as well as considering tolerability to bolus 5-FU administration. We developed a pediatric population PK model of bolus 5-FU and simulated tumor exposures for our patients. Simulations for tumor concentrations indicated that all patients would be above the 1-hour target exposure for antitumor effect. CPT Pharmacometrics Syst. Pharmacol. 
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? þ Although 5-FU is often administered as a continuous infusion, our preclinical studies in pediatric ependymoma showed bolus administration improved survival. However, no bolus pediatric PK data existed to provide dosing recommendations.
• WHAT QUESTION DID THIS STUDY ADDRESS? þ We utilized a modeling and simulation approach using a preclinical PK-PD model and an adult PK model to recommend initial dosages for our phase I trial and determined the disposition of bolus 5-FU in children with recurrent ependymoma.
• WHAT THIS STUDY ADDS TO OUR KNOWLEDGE þ The recommended phase II dosage from our phase I trial derived from our translational PK-PD M&S approach was tolerable and the simulated tECF concentrations were above the targeted exposure (in vitro IC 90 ).
• HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEU-TICS þ Because ependymomas lack effective chemotherapy, we utilized PK-PD M&S to translate bolus 5-FU to the clinic. This approach is applicable to other settings for translating new or optimizing existing therapies for other diseases to improve drug development.
Pediatric ependymomas are predominantly localized to the posterior fossa with a median age at diagnosis of 6 years old and a 7-year event-free survival nearing 70%. 1 Primary treatment for nonmetastatic disease consists of both surgery and local field radiation. In children <3 years old, chemotherapy has been used to delay radiation-related side effects, including neurocognitive and endocrine deficits.
2 Approximately 33% to 50% of patients relapse because of local failure, distant disease, or a combination, leading to fatal outcomes in 90% of these patients. 3 The median 5-year progression-free survival and overall survival from a recent retrospective study in relapsed patients with ependymoma were 17% and 27.6%, respectively. 3 Because of the rarity of this disease, clinical evaluation of novel therapies remains challenging. We previously reported on a process for investigating novel therapies for pediatric ependymomas that showed i.v. bolus 5-fluorouracil (5-FU) was efficacious in a mouse model of pediatric ependymoma. 4 A purine antimetabolite, 5-FU, is used to treat several adult malignancies, most notably colorectal cancer. It rapidly enters cells where it is converted to several active metabolites that cause downstream DNA and RNA damage. 5 In pediatric malignancies, 5-FU is usually administered as a continuous infusion for the treatment of adolescent colorectal cancer and nasopharyngeal carcinoma, whereas in smaller clinical trials, i.v. bolus 5-FU has been used to treat recurrent solid tumors. [6] [7] [8] [9] [10] Little is known regarding 5-FU pharmacokinetics (PKs) in pediatrics; one study in 31 children with refractory solid tumors reported the mean 5-FU clearance after a 12-hour infusion to be similar to adult estimates. 11 The clinical use of 5-FU dates back decades, but due to the paucity of pediatric 5-FU PK data, we lacked a rigorous quantitative framework for scaling preclinical findings for use in the clinic. Therefore, we devised a translational modeling and simulation (M&S) approach to determine an initial dosage for bolus 5-FU for a phase I clinical trial in children with recurrent ependymoma. 12 The objectives of this report are to describe our preclinical PK-pharmacodynamic (PD) studies and M&S techniques used to determine the initial bolus 5-FU dosing regimen for a phase I study in pediatric patients with recurrent ependymoma. Additionally, we describe the first population PK analysis for bolus 5-FU in children, which when linked with a preclinical tumor PK model was used to simulate target exposures.
METHODS AND MATERIALS Preclinical PK and efficacy studies
The preclinical plasma PK, cerebral microdialysis, and efficacy studies used here for preclinical PK-PD model development were published in our previous manuscript 4 or are described in the Supplementary Material. Briefly, plasma PK studies of 5-FU were performed in two groups of nontumor bearing mice receiving 5-FU 75 mg/kg i.v. bolus via tail vein injection or subcutaneous continuous infusion over 3 days. Cerebral microdialysis studies were performed in mice bearing pediatric ependymoma receiving 5-FU 75 mg/ kg i.v. bolus or 13 mg/kg/hr over 24 hours via subcutaneous infusion. Plasma samples and dialysate fractions were collected at predetermined timepoints after drug administration and analyzed using a validated high-performance liquid chromatography method. 13 For preclinical efficacy studies, mice were randomized to control or treatment groups 7 days after tumor implantation based on their luciferasemediated bioluminescence signal, a measure of tumor growth. Mice were dosed according to the following schedules: (1) 5-FU 75 mg/kg i.v. bolus weekly for 4 weeks; (2) 5-FU 75 mg/kg subcutaneous infusion over 3 or 5 days every 3 weeks; and (3) 5-FU 37.5 or 75 mg/kg i.v. bolus weekly for 4 weeks.
PK-PD modeling of preclinical data PK-PD data were analyzed by nonlinear mixed effects modeling using NONMEM 7.3 (ICON Development Solutions, Ellicott City, MD). The interindividual and residual variability were parameterized exponentially and proportionally in the model, respectively. The Akaike information criterion value and inspection of diagnostic plots were used to select between competing models. A visual predictive check was performed by simulating 1,000 concentration time or tumor growth profiles at each dosage. The standard errors of PK model parameter estimates were determined by running covariance steps, whereas confidence intervals of the PD parameter estimates were determined by performing bootstrap analysis consisting of 500 runs.
First, a one or two-compartment model with linear or Michaelis-Menten elimination was tested on all 5-FU plasma concentration-time data. Parameters from the final plasma PK model were fixed and used as inputs to the tumor PK model, which included the 5-FU tumor extracellular fluid concentration (tECF). Several different tumor PK models were tested, including one or two-compartment models with linear or Michaelis-Menten kinetics. Based on the assumption that only free drug crosses the blood-brain barrier, the 5-FU amount in the central compartment (A(1)) was multiplied by the fraction unbound in the differential equations.
14 Because the microdialysate was collected in fractions (30 min/fraction for bolus and 4 h/fraction for infusion), each fraction was modeled as a separate compartment using the MTIME option in NONMEM to code when a new fraction was collected. The microdialysate flow rate, tubing lag time, and the total volume of each fraction were fixed to experimental values. The area under the concentration-time curve profiles were estimated by integrating the predicted concentration-time profiles to a specific time after dosing (t). The tumor to plasma partition coefficient for unbound 5-FU (K pt,uu ) was estimated as a ratio of unbound tumor to plasma area under concentration values.
Bioluminescence data for each mouse were normalized to the value at day 7 after tumor cell implantation. The tumor growth model, based on a previously described model, contains exponential and linear tumor growth phases, and three transit compartments representing drug-induced cell death. 15 The differential equations representing tumor growth and drug induced cell death are as follows: Scaling of adult PK model and qualification for pediatric patients To translate our preclinical PK-PD model to the clinic for use in children with ependymoma, an adult 5-FU bolus population PK model was used because of the limited pediatric 5-FU PK information available. 16 Terret et al. 16 published a two-compartment plasma PK model with Michaelis-Menten elimination and body surface area (BSA) as a covariate on V max . To account for the wider range of BSA in children, we BSA-normalized the volume of the central compartment (V 1 ) (Supplementary Table S1 ). 16 We simulated 1,000 pediatric 5-FU concentration time profiles after a 12-hour 5-FU infusion using the scaled-adult model and compared the simulated concentrations to published pediatric data.
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Simulation of tumor exposure and tumor growth inhibition The scaled-adult plasma PK model was linked to the preclinical PK-PD model by fixing the tumor growth and drug effect parameters and changing the plasma fraction unbound (f u ) value from mouse to human. Tumor exposure and tumor growth inhibition were simulated for various 5-FU bolus dosages based on those used in a previous pediatric trial.
9 Dosage levels were assessed for percentage of simulated profiles reaching the targeted exposure (1-hour in vitro IC 90 ) and for tumor growth inhibition. The simulated results were used along with a knowledge of the tolerability to i.v. bolus 5-FU to determine a recommended phase I dosage for use in a clinical trial to treat children with recurrent ependymoma.
Pediatric population PK study Patient population and PK sampling strategy. Details regarding eligibility, study design, and PK sampling strategy are described in a previous publication. 17 Population PK modeling In total, 570 concentration-timepoints were utilized for the development of the population PK model. Various compartmental structural models were tested to describe 5-FU plasma concentrations including one, two, and threecompartment models with linear and/or saturable elimination. Interindividual (between subject) and interoccasion (within-subject) variability were explored assuming a lognormal distribution of the parameters. Treatment occasions were defined as a group of concentration-time data after a single 5-FU bolus administration. A combined additive and proportional error model was chosen to explain the residual variability in observed concentrations.
BSA was incorporated in the model parameterization a priori and the following covariates were tested and evaluated graphically to explain the interindividual variability of the population PK model: baseline age, race, actual body weight, sex, albumin, alanine aminotransferase, aspartate aminotransferase, estimated creatinine clearance, 18, 19 total protein, and total bilirubin. A covariate was considered significant in this analysis if the addition to the model reduced the 22 log-likelihood by 3.84 units or greater (P < 0.05) based on the v 2 goodness-of-fit test and a difference of one degree of freedom.
Approaches for analyzing PK data below the limit of quantitation (BLQ) were explored and parameter estimation was performed using the LAPLACIAN and Monte Carlo Importance Sampling estimation method with the covariance step in NONMEM 7.3. 20 The predictive performance of the model was evaluated by visual predictive check simulating 1,000 versions of the original data using the final model parameters.
Pediatric tECF simulations
We linked the pediatric 5-FU population plasma PK model to the preclinical tECF PK model and simulated individual tECF concentration-time profiles using individual post hoc parameter estimates to estimate tECF exposures in our patient population. We estimated the percentage of patients reaching the targeted exposure (1-hour in vitro IC 90 ) to evaluate the success of our translational approach.
RESULTS

Plasma protein binding
The 5-FU protein binding in mouse plasma was determined using equilibrium dialysis at concentrations of 10 and 100 lM. As shown in Supplementary Figure S1 , equilibrium between the donor and receptor chamber was reached within 8 hours. Mean 5-FU fraction unbound in mouse plasma was 0.37 6 0.05. No significant difference was observed in fraction unbound at equilibrium between the two 5-FU concentrations, suggesting concentration-independent binding of 5-FU in mouse plasma within this range of concentrations.
Development of preclinical PK-PD model
We first developed a preclinical plasma PK model representing the 5-FU total plasma concentration-time data. Among the models tested, a two-compartment model with Michaelis-Menten elimination from the central compartment ( Figure 1, Step 1a) best represented the 5-FU plasma profiles (Figure 2a-c) . The 5-FU showed nonlinear, saturable elimination in mouse plasma with a mean 6 SD maximum plasma concentration (C max ) of 536 6 162 lM after a 75 mg/kg i.v. bolus dose, $4 times higher than the estimated mean 6 SD K m,plasma , 125 6 22 lM. The mean 6 SD 5-FU plasma steady-state concentration observed after a 1-day or 3-day continuous infusion was 7.11 6 2.64 lM and 0.43 6 0.18 lM, $17 and 300 times lower than the estimated K m,plasma , respectively. This nonlinear PK produced higher plasma exposures (area under the curve) at the same dosages after i.v. bolus administration compared to the 3-day or 5-day infusion (Supplementary Figure S2) .
Next, we developed a PK model representing 5-FU unbound tECF concentration-time data, conditioned on the given plasma PK model. To avoid over-parameterization, plasma PK parameters were fixed to previously estimated values. The volume of tECF compartment (V 3 ) was fixed to 0.001 L/kg based on published data and assuming tumor weight to be 15% of the mouse brain. 21, 22 A two-compartment model with Michaelis-Menten elimination from the tECF compartment best described the tECF concentration-time data (Figure 2d,e) . The tECF compartment was linked to the plasma compartment using rate constants (K 13 and K 31 ). The final plasma and tECF PK parameter estimates are listed in Table 1 . Based on prior in vitro assays with ependymoma cell 4 Therefore, 7.1 lM was used as our target exposure for tECF. The 5-FU i.v. bolus tECF concentrations were above this target exposure for $1 hour, and tECF concentrations after a continuous infusion were at least sevenfold lower. 4 Last, we developed a PD model representing ependymoma tumor growth in the control and 5-FU-treated CD1 Figure 1 A workflow diagram detailing the preclinical and clinical studies discussed in this article. PPK, population pharmacokinetics; C defines concentration in the corresponding compartment; subscript m defines mouse; subscript "a" defines adult; subscript "p" defines pediatric; subscript "a ! p" defines scaled-adult parameter; the remainder of the parameters are defined in Table 1 .
Translational Figure 3a -c, tumor growth data in the control groups (top panels) were best described by exponential and linear growth phases, whereas tumor inhibition by 5-FU was best described by sigmoidal E max model (middle and bottom panels). Because the tumor growth rate in control animals from experiment one was different compared with experiments two and three, the exponential tumor growth term (K exp ) was allowed to vary for experiment one and a linear covariate effect was applied to K exp1 for experiments two and three using the following structure:
TVK exp 5h Kexp 1 if experiment one TVK exp 5h Kexp1 1h K exp2=3 if experiments two and three
The final PD model parameters are provided in Table 1 . The in vivo tECF concentration producing half maximum tumor inhibitory effect (IC 50 , 2.12 lM) estimated using our PK-PD model was within twofold of our 1-hour in vitro IC 50 (3.5 lM). 4 The 5-FU i.v. bolus resulted in significant tumor growth suppression and subsequent increase in overall survival, whereas 5-FU continuous infusion failed to exhibit tumor suppression, resulting in no difference in survival compared to the control mice. 4 This is consistent with our plasma-tumor PK model that showed 5-FU i.v. bolus achieved tECF concentrations above the target exposure (Figure 2d) , whereas 5-FU continuous infusion did not (Figure 2e ). This supports using 5-FU i.v. bolus in children with ependymoma. However, without published pediatric PK data to support dosing recommendations, we decided to utilize our preclinical PK-PD model with available adult 5-FU PK data to establish dosages for our clinical trial.
Model-based determination of efficacious clinical dosage
Scaling of adult 5-FU plasma PK model for pediatrics. To apply our preclinical PK-PD model to pediatric patients, we first scaled an adult plasma two-compartment population PK model with Michaelis-Menten elimination. 16 The scaledadult model was qualified by performing Monte Carlo simulations of 1,000 pediatric patients and comparing the simulated steady-state concentrations to PK data from a pediatric 5-FU continuous infusion (80 mg/m 2 /h infusion over 12 hours). 11 The simulated profiles had a mean steady-state concentration of 4.1 lM, within twofold of the pediatric mean steady-state concentration (6.7 lM), supporting further use of the adult scaled-model for pediatric dosage simulations. Application of scaled-adult model to determine pediatric dosage. By linking the scaled-adult plasma PK model with the preclinical PK-PD model, we compared predicted tECF concentrations to the 1-hour IC 90 (7.1 lM) and investigated tumor growth inhibition to determine a potentially efficacious 5-FU bolus dosage in children with brain tumors. To accurately estimate unbound 5-FU tumor concentrations, we used published data showing the 5-FU plasma fraction unbound was 0.9. 23 The tECF simulations showed 68%, 90%, and 99% of subjects would have tECF concentrations above the target exposure (7.1 lM) for at least 1-hour at 400, 500, and 650 mg/m 2 , respectively (Figure 4a-c) . Combined with our simulations for tumor growth inhibition (Figure 4d-f) , 500 and 650 mg/m 2 dosages were suggested to be highly efficacious. Based on the reported tolerability of 5-FU bolus in pediatrics, we recommended 500 mg/m 2 as the starting dosage with 400 mg/m 2 as dosage level zero (dose deescalation) and 650 mg/m 2 as dose level two (dose escalation) for our clinical trial of single-agent 5-FU in children with recurrent/refractory ependymoma.
Population PK modeling of pediatric data and simulation of tumor exposures Study population. The pediatric phase I study consisted of 26 children and young adults with recurrent/refractory ependymoma. The patient cohort had a median age of 7.1 years old with 18 girls (69.2%) and 8 boys (30.8%), and the majority were white (73.1%). The PK data were available for patients receiving 400, 500, and 650 mg/m 2 dosage of 5-FU. The baseline demographics are shown in Supplementary Table S2 .
Model development. We explored a one or two-compartment model structure with linear or saturable elimination and various model parameterizations. 24 Approximately 40% of samples assayed were found to be BLQ, 15 lM, and approaches for modeling PK data BLQ were explored. 20 A two-compartment structural model best fit the 5-FU plasma concentration-time data, which followed a biexponential decay. The final model had first-order elimination from the central compartment using a BSA normalized dosage. The M3 method was used for BLQ data, leading to improved accuracy in parameter estimation (lower relative standard error %), a lower Akaike information criterion, and improved model diagnostics (visual predictive checks). The model was parameterized in terms of total systemic clearance (CL t ), volume of the central compartment (V c ), intercompartmental clearance (Q), and volume of the peripheral compartment (V p ). The individual predicted vs. observed concentrations were equally distributed above and below the line of unity and individual weighted residuals vs. predicted concentrations were symmetrically distributed about zero, suggesting an adequate structural model ( Figure 5 ). The parameter estimates for the final structural model are presented in Table 2 . Moderate interindividual variability (28.8% for CL t and 26.6% for V c ) and low interoccasion variability (13.0% for CL t ) were estimated for 5-FU parameters. A visual predictive check ( Figure 5 and Supplementary Figure S5 ) supports the structural model is appropriate for 5-FU bolus PK data from our pediatric population. The effects of baseline patient demographics and laboratory values on each parameter were assessed graphically. Given the model parameterization of BSA as a covariate a priori, no other definitive relationship was noted between 5-FU PK parameters and other covariates explored.
Simulation of tECF concentrations using the pediatric population PK model. To estimate tECF concentrations in our patients, we linked the pediatric 5-FU population PK model to the preclinical tECF PK model and used individual post hoc parameter estimates to simulate individual tECF concentration-time profiles. All 26 patients on each occasion achieved tECF concentrations at or above the target exposure at 1 hour with a median (range) concentration at 1 hour of 182.5 lM (51.8-754.1 lM).
DISCUSSION
Ependymomas are one of the most challenging malignancies to treat in pediatric oncology because of extensive biological heterogeneity and lack of effective chemotherapeutic agents to date. We previously reported on the preclinical efficacy of 5-FU in a subtype of ependymoma. 4 Herein, we discussed the M&S approach used to translate the results of our 5-FU in vitro and in vivo studies in ependymoma to patients. Using our preclinical PK-PD model with available data from the literature, we defined a dosage regimen for bolus 5-FU in children with ependymoma. Last, we reported the first population PK model for bolus 5-FU in children and simulated the expected target exposures in our patients.
For the preclinical 5-FU PK-PD model of pediatric ependymoma, we performed PK studies in plasma and tECF, and PD studies measuring tumor growth by luciferase mediated bioluminescence. The 5-FU plasma and tumor concentrations exhibited a bi-exponential elimination and dose-dependent clearance, best described using a twocompartment model with Michaelis-Menten elimination ( Figure 1, Step 1) . The delay in tumor growth between 5-FU treated and control mice was estimated using the PK-PD model (Supplementary Figure S3) . Mice receiving 75 mg/kg 5-FU i.v. bolus had tumor growth delayed by 16-19 days compared with controls, similar to the 14-day increase in overall survival observed previously (Supplementary Figure S3a,c) . 4 We acknowledge that bioluminescence has limitations for monitoring tumor growth and may not be applicable across all tumor models [25] [26] [27] [28] ; however, we found good correlation between survival and tumor growth delay measured using bioluminescence.
To scale the preclinical PK-PD model for use in children with ependymomas, we chose a two-compartment Michaelis-Menten saturable elimination model commonly used to describe the plasma PKs of bolus 5-FU in adults. 16, 24, 29, 30 The adult model was previously validated on external datasets with different dosages and schedules of 5-FU bolus and continuous infusion. The model was qualified on available pediatric data and linked to the tECF PK model and the tumor growth inhibition PD model. After simulating bolus 5-FU dosages for tECF exposure ( Figure  4a-c) , tumor growth inhibition (Figure 4d-f) , and incorporating knowledge of 5-FU bolus tolerability, we selected 500 mg/m 2 as the phase I dosage for our clinical trial in ependymoma. 9 Using PK data from our phase I trial, we first described 5-FU disposition with a saturable elimination model. However, the two-compartment linear model had comparable model diagnostics and a lower Akaike information criterion (2,439 vs. 2,729). and 5 mg/L (40 lM), respectively. 16, 29, 30 The maximum 5-FU concentrations observed in our phase I study are !1,000 lM, 50-fold greater than the adult K m values, which suggests that 5-FU is likely in the concentration range where elimination processes are saturated, resulting in a lower overall clearance (16.6 L/h/m 2 ). Thus, the high maximum 5-FU plasma concentrations observed relative to the assay BLQ, and the fact that the study was not designed to assess the nonlinearity of 5-FU in children, prevented us from accurately estimating V max and K m for the MichaelisMenten model.
In our 5-FU population PK analysis, BSA was a covariate a priori on clearance and volume, and no other relationships significantly explained the variability in the PK parameters. The use of adult parameter estimates as priors in the model did not improve model performance. A twocompartment, first order elimination from the central compartment evaluated using the M3 method was an appropriate model for the data.
Approximately 40% of the 5-FU data were BLQ with the majority of these data located in the terminal elimination phase. However, censoring these data would increase the 36 indicated the least bias may be present by including all BLQ data without incorporating any likelihood-based approaches. The M3 approach resulted in an increased precision in parameter estimation and improvement in model diagnostics.
Given the high rate of drug failures, it is important to perform preclinical experiments in representative tumor models and incorporate clinically relevant dosages/schedules to increase the translation of preclinical research. The translational PK-PD M&S described above is an approach that should serve as a template for drug development in all therapeutic areas, especially rare diseases where the need for promising therapies is high and few patients are available for clinical trials. The results of our preclinical PK-PD M&S confirm our dosage selection for bolus 5-FU and indicate our translational approach achieved the required target exposure for antitumor effect in this phase I trial of recurrent/refractory ependymoma. 
